Microbial fuel cells (MFCs) are a sustainable technology for the direct conversion of biodegradable organics in wastewater into electricity. In most MFCs, the oxygen reduction reaction (ORR) is used as the cathode reduction reaction. Aerobic biocathodes, which use bacteria as biocatalysts to catalyze the cathode ORR, provide self-sustained, robust and highly active alternatives to chemical catalysts. However, further study of the effect of oxygen mass transfer to the biofilm and cathode materials design is needed. In the current work, two aerobic biocathodes were enriched in half-cells, and oxygen mass transfer to the biofilm and the biofilm distribution in the porous electrode structure were investigated.
Introduction
Microbial Fuel Cells (MFCs) convert the chemical energy available in biodegradable organics present in wastewater into electrical energy. This makes the technology suitable for energy recovery from the biodegradable organics present in wastewater, for example. Industrial and domestic wastewater treatment consumes 1% of the total daily electrical energy consumption in England and Wales [1] , with aeration of activated sludge accounting for 56% of the energy usage in wastewater treatment [2] . This is despite the fact that wastewater contains considerable energy, with a per capita value of 1,760 kJ -1 PE -1 day -1 calculated previously for municipal wastewater [3] . In
MFCs, bacteria oxidize organic matter to carbon dioxide, protons and electrons at the anode. The electrons then travel through an external circuit from anode to cathode, whilst the protons flow through electrolyte from anode to cathode, with or without a membrane separator. At the cathode, electrons, protons and oxygen combine to produce water. This process generates electrical power [4] [5] [6] [7] , and is reliant upon the efficient operation of number of different components, such as the anode, cathode and membrane. If MFCs are to be used in practice, then capital costs must be lowered in order to make the technology economically viable. This can be achieved by choosing high performance, cheap and sustainable materials for the anode, cathode and membrane components of the MFC. In particular, the cathode electrode requires efficient catalysts to catalyze the oxygen reduction reaction (ORR) to achieve maximum power generation. This can be done by addition of chemical catalysts to the electrode support [8] [9] [10] [11] [12] [13] , such as precious metals, metal oxides or metal porphyrins [12] , or by using the carbon support itself as the catalyst [8, [14] [15] [16] [17] , which can also be chemically modified to enhance ORR activity. However, chemical catalysts are costly and can degrade over time, whilst carbon materials can degrade over time due to peroxide formation from 2-electron transfer ORR [18] . Cathode biofouling, where the cathode electrode pores become filled with biomass, is another source of MFC performance degradation over time [19] .
Aerobic biocathodes, which have the ability to catalyze the ORR, can be used as an alternative to chemical catalysts at the cathode [8, 11, [20] [21] [22] [23] [24] [25] . Aerobic biocathodes using bacteria with ORR activity are self-regenerating, free, and are more robust over time than chemical catalysts. Aerobic biocathodes can exhibit high activity with onset potentials of approximately +0.4 V vs. Ag/AgCl [20, 25] . This type of aerobic biocathode is of special interest to energy generation in MFCs, and understanding the parameters which affect power output is important in further development. Investigations of aerobic biocathodes grown on graphite plates in poised-potential halfcells have found that performance is improved by lowering the pH from 7 to 5 [26] , but is limited by oxygen mass transfer to the biofilm [22, 23] . To examine the effect of oxygen mass transfer on full MFC performance, experiments were carried out in which the air flowrate to the cathode was varied, and to help improve cathode electrode design, biofilm distribution throughout the porous electrode material was determined. The results of these experiments can be used to optimize oxygen mass transfer to the biofilm and improve the design of the supporting cathode material in order to optimize overall aerobic biocathode performance.
Two aerobic biocathodes were first cultivated in electrochemical half-cells poised at -0.1 V vs. Ag/AgCl to obtain high-performing aerobic biocathodes. The effect of oxygen mass transfer was then assessed, and the biofilm distribution through the porous electrode structure was investigated. The biofilm from the first half-cell was then placed into the cathode chamber of an operating MFC fed acetate at the bioanode to see how oxygen mass transfer at the cathode affected overall MFC performance.
Materials and Methods

Aerobic Biocathode Half-cell Setup, Operation and Electrochemical Characterization
A 3-electrode half-cell with a carbon felt working electrode (WE), a platinized titanium mesh counter electrode (CE) and a Ag/AgCl reference electrode (RE) was setup as described previously [25] . All of the potentials given in this paper are against the Ag/AgCl reference electrode (0.208V vs. SHE), unless stated otherwise. Two aerobic biocathodes were grown in two separate poised-potential half-cells and supplied with 1L of minimal bacterial growth medium containing no organic electron donor buffered to pH 5.8 using 50 mM of phosphate buffer, which has been described previously [25] . At pH of 5.8, the reduction potential for oxygen is increased from +0.60 V at pH 7.0 (normal physiological pH) to +0.67 V (pO 2 of 0.2 atm), thereby increasing the potential bacterial energy gain from the electrode. Additionally, a maximum in aerobic biocathode performance has been observed previously at pH 5.0 in a separate aerobic biocathode half-cell study [26] . The two half-cells were inoculated using 50% by volume of effluent from a preenriched aerobic biocathode half-cell from a previous study [25] . The half-cells were operated at a fixed poised-potential of -0.1 V using a potentiostat (Sycopel, UK) and the current measured under conditions of continuous air sparging from an air pump. A poised-potential of -0.1 V was selected as a compromise between achieving a minimum potential to increase potential bacterial energy gain from the cathode, but limiting abiotic formation of peroxide through 2-electron ORR on carbon which is detrimental to biofilm growth, on the basis of results from our previous study [27] . Cyclic voltammograms (CVs) were recorded after 1 month of continuous half-cell operation, over a range from -0.2 to +0.5 V with a scan rate of 5 mV s -1 , as described previously [25] .
When the aerobic biocathodes were enriched after 1 month of operation, experiments were carried out using half-cell 1 in which the air flow rate was varied using a regulator attached to the air pump. During the experiment, the potential was maintained at -0.1 V using a potentiostat logging the current at 1-minute intervals (Whistonbrook Technologies, UK). The dissolved oxygen (DO) was measured simultaneously using a DO probe inserted into the half-cell electrolyte (9500 Bench DO 2 Meter, Jenway, UK). The flow rate of the air pump was changed every 30 minutes over a period of 4 hours from 0.0 to 1.4 L min -1 in 0.2 L min -1 intervals.
Microbial Fuel Cell Setup, Operation and Electrochemical Characterization
A dual chamber MFC was setup and operated as described previously [25] . The WE of half-cell 1 with an aerobic biocathode was connected to a gold-plated titanium wire serving as the current collector, and inserted into the cathode chamber of the dual chamber MFC. The pre-existing bioanode of the dual chamber MFC was supported on carbon felt (2. 2 Meter, Jenway, UK) inserted into the catholyte. The MFC polarization curve was recorded using methodology described previously [25] .
Biofilm Imaging
The biofilm on the WE of half-cell 2 was imaged using a live/dead nucleic acid stain (SYBR Gold, Life Technologies, USA). SYBR Gold binds to bacterial DNA, resulting in a DNAdye complex which fluoresces when exposed to light, with absorption maxima at wavelengths of 300 and 495 nm, and an emission maximum of 537 nm [28] . To image a carbon felt electrode with a biofilm of bacteria, the electrode was placed into a solution containing a x100 dilution of SYBR Gold in 50 mM phosphate buffer, covered with foil, and incubated at room temperature for 30 minutes. The front and back of the electrode were then imaged using a gel documentation system (Biospectrum imaging system, Ultra-Violet Products (UVP) Ltd, Cambridge, UK) equipped with a UV transilluminator using an excitation wavelength of 365 nm and an exposure time of 1 minute and 29 seconds. In order to estimate biofilm thickness, vertical electrode cross-sections were prepared from the electrode using a scalpel and imaged at x100 magnification using an epifluorescence microscope (Olympus BX40) equipped with a filter for the detection of green light (WU filter) and a UV source (Olympus U-RFL-T). Images were taken using an attached digital camera (Olympus E-400), and distances in the images were calibrated by taking an additional image of a graticule slide at 100 magnification (1 mm, 0.01 divisions). An image of the graticule used for calibration can be found in the Appendix (Fig. S1 ).
Results and Discussion
Effect of Oxygen Mass Transfer on Aerobic
Biocathode Half-cell Performance
Half-cell Performance
Two aerobic biofilms in half cells were enriched at -0.1 V poised-potential using inoculum from previously enriched aerobic biocathodes [25] . The halfcells were then characterized after 30 days of operation. The CA and CV for half-cells 1 and 2 are shown in Figures 1A and 1B , respectively. The CA shows an increase in the reduction current, I Red , to values > 0.1 mA cm -2 after 11 days for half-cell 1, and 5 days for half-cell 2, indicating aerobic biocathode formation in both half-cells. The average reduction currents after enrichment (I Red > 0.1 mA cm -2 ) for the two half-cells over the 30 days were 0.19 + 0.05 and 0.15 + 0.06 mA cm -2 for half-cells 1 and 2, respectively, indicating considerable variation in performance with time for both half-cells. Within error, the average reduction currents were the same for both half-cells. Examination of the CV for half-cells 1 and 2 after 30 days operation time shows that they both possess electrochemical features such as a high onset potential of +0.4 V vs. Ag/AgCl and oxygen mass transfer limited reduction currents which vary with potential over a range between 0.04 and 0.10 mA cm -2 . These features are not present at the point of inoculation for both half-cells (t = 0 days). The ORR wave with an onset potential value of +0.4 V is considerably more positive than the abiotic ORR wave at t = 0 days with an onset potential of approximately -0.1 V, and has been observed in our previous aerobic biocathode studies [25, 27] and those in literature [20, 22, 23, 29] . This catalytic behavior is believed to be due to the activity of uncultured Gammaproteobacteria [20, 25] , which likely gain energy for metabolism and growth by using electrons derived directly from the electrode, simultaneously catalyzing the ORR [25] . Recently, a putative electron transport chain involving extracellular electron transfer for the electroautotroph 'Candidatus Tenderia electrophaga' [30] was proposed based on metagenomics [30] [31] [32] , metaproteomics [31, 32] and metatranscriptomics studies [33] . The findings suggest that electrons are accepted from the cathode electrode via an outer-membrane bound cytochrome, similar to Cyc2 in iron oxidizing bacteria, and are utilized in downhill and uphill electron transport pathways [31, 33] . In the downhill pathway, electrons are ultimately used to reduce oxygen to water via a terminal heme-copper oxidase on the inner membrane, producing proton motive force for ATP synthesis via ATP synthase, whilst in the downhill pathway, electrons are transferred to a NADH:quinone oxidoreductase which catalyzes the production of NAD(P)H from NAD(P) + [31, 33] . The ATP and NAD(P)H which are generated can then be used to fix carbon dioxide into biomass via the Calvin-BensonBassham cycle [31] . The response of half-cell 1 to variation in the air flow rate was investigated. The reduction current was recorded at the , who found that mass transfer of oxygen limits the performance of aerobic biocathodes catalyzing the ORR [22, 23] . Active aeration adds a significant cost to the MFC system. However, the use of the ORR is attractive for MFCs given its high reduction potential (E 0 = 0.60 V at pH 7.0, pO 2 = 0.2), it is free from the environment, and active aeration can be substituted with passive aeration by using gas diffusion electrodes (GDEs). GDEs for aerobic biocathodes in MFCs show promise [34] , but are difficult to scale-up due to the increased pressure on the GDE as the reactor size increases, and need to be designed to meet some of the specific requirements of aerobic biocathodes (e.g., biocompatibility). Figure 2B shows a clear saturation effect, with a plateau observed in the reduction current to 0.30 mA cm -2 as the flow rate is further increased beyond 0.8 L min -1 . This plateau effect indicates a maximum rate of oxygen reduction by the bacteria, as further increasing the air flow rate does not increase the reduction current. Electrons from the cathode are ultimately transferred to a terminal heme-copper oxidase, where oxygen binds with four electrons and four protons to produce two molecules of water. In aerobic biocathodes, the rate of substrate utilization is proportional to the current, and can therefore be related mathematically to [O 2 ] using an adapted form of the Michaelis-Menten equation for enzyme kinetics, which is valid at constant pH and bacterial enzyme concentration;
where I, I max , K and [O 2 ] are the current density (mA cm -2 ), the maximum current density (mA cm -2 ), the oxygen concentration at half the maximum current (mg L -1 ), and the oxygen concentration (mg L -1 ), respectively. One complication is that true [O 2 ] at the biofilm cannot be easily measured in this experiment, as it is dependent on oxygen flux to the biofilm. A better approximation is therefore to substitute [O 2 ] in Eq. (1) with the air flow rate, which is proportional to the flux of oxygen reaching the biofilm. Therefore, plotting the reduction current against the air flow rate gives a saturation curve, which can be fitted to Eq. (1). This curve is given in Figure 2C , and I max and K were found to be 0.41 mA cm -2 and 0.49 L min -1 , respectively. When [O 2 ] is substituted for the air flow rate, K is the air flow rate at half the maximum current. These parameters provide a model for the system which can be used to predict system performance based on the air flow rate. By carrying out the experiment at a fixed poised-potential of -0.1 V, where the aerobic biocathode is limited by oxygen and not electron transfer to the biofilm (Figure 1B) , the rate determining step in the overall biochemical pathway of the bacteria is the reduction of oxygen to water by the terminal cytochrome oxidase. This allows the current to be modeled using Eq. (1) .
From an engineering perspective, it is useful to see how the current varies with air flow rate into the system. Importantly, aeration is energy intensive, and increasing the air flow rate requires a linear increase in energy input from the attached air pump. Although the energy input is linear with increasing flow rate, there are diminishing returns in the half-cell current output when the air flow rate >> K. This dictates how overall energy usage in the system is determined by bacterial enzyme kinetics, and how the half-cell with active aeration should be operated in such a way as to achieve an optimal balance of performance and pump energy usage.
Biofilm Imaging
Understanding where the aerobic biocathode occurs and how this relates to the dimensions of the carbon support is essential in development of the aerobic biocathode. Therefore, the biofilm on the WE of half-cell 2 was imaged in order to determine biofilm thickness and location. The carbon felt WE was stained with SYBR Gold nucleic acid stain, which stains both live and dead bacterial cells. The gel documentation system images of the front and back of the WE without magnification are presented in Figure 3 . The image of the front of the electrode ( Figure 3A) shows fluorescent emission from the entire surface, whereas fluorescent emission was detected at the edge only for the back of the electrode ( Figure 3B ). The back of the electrode was not exposed to the process electrolyte, as it was the side pressed up against a non-conductive polytetrafluoroethylene backing plate, whereas the front of the electrode was exposed to the process electrolyte. This indicates that biomass does not penetrate all the way through to the back of the 0.5 cm carbon felt WE, despite its porous structure. This has important implications with respect to electrode materials design for aerobic biocathodes, indicating that certain 3D porous structures may not maximise biofilm coverage in their internal surfaces.
This finding was further investigated by taking higher resolution images of the biofilm. Epifluorescence images of an electrode cross-section are presented in Figure 4 . The frame height was calculated as 0.55 mm using the scale bar. These images were consecutive frames starting from the front face of the carbon felt surface (Figure 4A ), going further into the carbon felt electrode structure ( Figure 4B to Figure 4D ), and showing a diminishing gradient of fluorescence emission intensity. No fluorescence is observed in the image shown in Figure 4D . This implies that the biofilm penetrates into the carbon felt by no more than two to three frames, corresponding to a penetration depth of 1.0 to 1.5 mm into the electrode structure by the biofilm, which is 20-30% of the carbon felt electrode thickness (5 mm). Therefore, most of the biomass resides near to the electrode surface, and not penetrate into the electrode structure.
Carbon felt strands are clearly visible in Figure 4A , and the two-dimensional space between consecutive strands varies in the order of 100 μm. Bacteria vary in size between 0.5 and 5.0 μm along the longest axis [35] , therefore it should be possible for them to colonise the entire carbon felt structure. The limited biofilm penetration depth which is observed may be associated with oxygen depletion in the interior due to oxygen consumption by the biofilm at the electrode surface. Given this analysis, the dimensions of the carbon support could be optimized to improve oxygen mass transfer. For example, a carbon brush electrode with a more open structure could be used instead of carbon felt, as these electrodes give the highest performing MFC anodes due to a high surface area and a structure which allows efficient mass transfer of reactants to the biofilm [36] [37] [38] [39] . However, the disadvantage of brushes may become apparent with scale-up of the system, as the solution resistance increases as the brush size increases. For example, it has been shown previously that an MFC ran in continuous flow mode using eight small brushes (d = 8 mm) performed better than the same MFC using three large brushes (d = 25 mm), despite the total brush surface area being the same [39] . Fig. 3 Fluorescence images of the front (A) and back (B) of the carbon felt working electrode from half-cell 2 taken using a gel documentation system. Fluorescence is shown in white. The contrast has been enhanced using InfranView 3.97. Fig. 4 Epifluorescence microscope images of a cross-section of the carbon felt working electrode of half-cell 2. The images are ordered as consecutive frames starting from the electrode surface (A) and going into the electrode cross-section, in the order of (A), (B), (C) then (D).
Alternatively, the carbon felt electrode thickness could be reduced, therefore lowering the materials cost. Low porosity carbon electrodes, such as graphite plate, do not exhibit good performance as bioanode electrode materials [36] . In the case of the carbon felt electrode analyzed here, the presence of 20-30% biofilm penetration into the electrode structure confirms that some level of porosity is beneficial to biofilm coverage, but that much of the electrode material is wasted if it is too thick. Other carbon materials, such as carbon cloth and carbon veil, are likely to be good choices for biocathode electrode materials, as they too possess some level of porosity, without being too thick. Carbon felt is too expensive for MFC applications, and now it can also be seen from this experiment, that it has narrow activity, due to the low activity of the material substrata. However, the observations from this experiment give an insight into how the biofilm support material should be designed to maximise biofilm coverage and minimize material wastage.
Aerobic Biocathode MFC Performance with Different Air Flowrates
The performance of an operational MFC with an aerobic biocathode was investigated in terms of a polarization curve at constant air flow rate to the aerobic biocathode ( Figure 5) , and its response to varying air flow rate to the aerobic biocathode at fixed external resistance ( Figure 6 ). Both of these experiments were carried out after 100 days of continuous MFC operation after installation of the aerobic biocathode from half-cell 1 (See Figure S2 of the Appendix). At a constant air flow rate of 1 L min -1 to the aerobic biocathode, the MFC peak power was determined to be 64 mW cm -2 at a load of 510 O ( Figure 5A ). This peak power performance is typical for this type of aerobic biocathode MFC, with a very similar value of 62 mW cm -2 observed in our previous aerobic biocathode MFC study [25] , and similar values varying between 38-110 mW cm -2 have been found in other aerobic biocathode MFC studies from literature [40] [41] [42] [43] . Examination of Figure 5B shows that the rate of bioanode potential increase was less than the rate of biocathode potential decrease, indicating that the latter was the electrode limiting overall MFC performance. Further examination of Figures 5A and 5B shows that both the cell voltage ( Figure 5A ) and cathode potential ( Figure 5B ) suddenly decrease at a current of~0.1 mA cm -2 , which indicates that they are correlated. It also indicates that oxygen mass transfer to the aerobic biocathode limits overall MFC performance when the cathode potential is more negative than +0.2. This trend in the MFC cathode potential correlates with the oxygen mass transfer region of the CV (Fig. 1B) , where the reduction current plateaus at potentials more negative than +0.2 V, and does not further increase with decreasing cathode potential.
The hypothesis that oxygen mass transfer to the aerobic biocathode limits overall MFC performance was further investigated by varying the rate flow rate to the aerobic biocathode in the MFC at a fixed external resistance of 510 O from 0 to 1 L min -1 , and measuring the cell voltage, cathode potential and DO against time. The experimental results are given in Figure 6 . During the experiment, the cell voltage, cathode potential and DO all varied proportionally to each other as the air flow rate was varied ( Figure 6A and Figure 6B ). The catholyte was aerated before the beginning of the experiment (normal MFC operation), and therefore during the first 30 minutes The relationship between the air flow rate and MFC current is given in Figure 6C . As with the aerobic biocathode half-cell, this curve can be fitted to Equation 1, giving values for I max and K of 0.11 mA cm -2 and 0.06 L min -1 . Therefore, I max and K for the MFC were both less than I max and K for the half-cell (I max = 0.41 mA cm -2 , K = 0.49 L min -1 ). This difference is also evident when comparing the current density curves against flow rate for both the half-cell and MFC ( Figure 2C and Figure 6C , respectively), which show how the aerobic biocathode in the MFC becomes saturated at lower flow rates, and gives a much lower I max than in the half-cell. This reduction in MFC current in comparison to the half-cell is due to other variables which limit overall MFC performance, such as the external resistance and/or bioanode activity, but which are otherwise not present for the half-cell system operated at fixed cathode potential. With respect to the dependency of biocathode activity on bioanode activity, it has been shown previously that biocathodes producing H 2 in microbial electrolysis cells are limited by bioanode current output at applied voltages above 0.84 V [44] . Both the half-cell and MFC systems were both dependent on the air flow rate, indicating a significant limitation due to the mass transfer of oxygen into the aerobic biocathode. For the MFC, improvements in oxygen mass transfer to the aerobic biocathode increase the cathode potential and therefore the MFC voltage. This is because oxygen must reach the biofilm and diffuse through the outer membrane of individual cells to the terminal heme-copper oxidase located on the inner membrane, which is a significant limiting process. Ter Heijne et al. identify mass transfer as the dominant factor controlling the performance of aerobic biocathodes grown at poised-potential [22, 23] , and tests from this study further highlight the importance of oxygen mass transfer to the aerobic biocathode in an operational MFC. Further improvements to this MFC system could be made by considering alternatives to active aeration, such as passive aeration using a GDE, in which the biocathode is immobilized on the solution-facing side, and oxygen is allowed to permeate through the electrode from the air-exposed side [34, 45] . Alternatively to GDEs, a catholyte flow past the cathode, which has been used for the biocathode of a sediment MFC [29] , the tubular system developed by Rabaey et al. in which catholyte was dripped over the external face of the MFC [46] , and the submersible MFCs developed by Ieropoulos et al. [47] , might be good options. For system scale-up, flow systems would be easier to increase in size, whilst systems using GDEs would be better suited to cell stacking.
Conclusions
Aerobic biocathodes catalyzing the ORR are a promising alternative to chemical catalysts for MFCs, being free, sustainable and exhibiting long-term stability. In this study, a high-performing aerobic biocathode with an onset potential of +0.4 V vs. Ag/AgCl was characterized in terms of oxygen mass transport in both half-cell and MFC configurations. It was found that the rate of oxygen mass transfer to the aerobic biocathode was critical in determining half-cell and MFC performances, reaching limiting current values of 0.3 mA cm respectively. The trend in half-cell and MFC currents could be modeled on the underlying enzyme kinetics of oxygen reduction by the aerobic biocathode, therefore showing how the air flow rate limits half-cell/MFC performance.
From the half-cell investigation, it was found that the aerobic biocathode largely resides on the surface of the three-dimensional carbon felt electrode structure, with a penetration into the electrode substructure of 20-30% of the total electrode thickness. Therefore, carbon felt electrodes could be reduced in thickness to avoid material wastage and to lower costs, or new electrodes could be designed to optimize oxygen mass transfer to the biofilm and to maximise biofilm coverage. Image of a graticule slide taken at 100 magnification using an epifluorescence microscope (Olympus BX40) fitted with a digital camera (Olympus E-400). The rule has 1 mm/0.01 divisions (10 mm). From the rule, the image height has been determined as 0.55 mm. 
